Mantle cell lymphoma is an aggressive, non-curable B-cell lymphoma, characterized by the translocation t(11;14)(q13;q32) involving CCND1 and a high number of additional genetic alterations. Chromosomal gains of 7p are frequent in mantle cell lymphoma, with insulin-like growth factor II mRNA-binding protein 3 (IGF2BP3 aka IMP3) being the most upregulated gene in this region. IGF2BP3 is a member of the IGF II mRNA-BP family, and increased IGF2BP3 expression is associated with an aggressive behavior in many malignant tumors. We here analyze selected genes related to IGF signaling in gene expression and genomic array data of 8 mantle cell lymphoma cell lines and 12 primary mantle cell lymphomas and study IGF2BP3 protein expression in 172 wellcharacterized primary mantle cell lymphomas by immunohistochemistry. The majority of mantle cell lymphoma cell lines and primary cases showed elevated IGF2BP3 mRNA expression and a subset also expressed the IGF1 and IGF2 receptors. On the protein level, 66 of 172 primary mantle cell lymphomas showed IGF2BP3 expression in 450% of tumor cells, and strong IGF2BP3 protein expression was highly associated with increased proliferation as measured by the Ki-67 index, but not with overall survival of mantle cell lymphoma patients. Only a subset of mantle cell lymphomas with marked IGF2BP3 expression had an underlying chromosomal gain in 7p, suggesting that additional mechanisms are involved in the upregulation of IGF2BP3 in mantle cell lymphoma. In seven paired mantle cell lymphoma samples, IGF2BP3 protein expression remained constant between primary diagnosis and relapse. Increased IGF2BP3 expression and, potentially, enhanced IGF signaling may contribute proproliferative stimuli in the evolution of mantle cell lymphoma tumor cells.
Mantle cell lymphoma is a non-curable and aggressive subtype of B-cell non-Hodgkin lymphoma with a median survival of 3-5 years. Almost all mantle cell lymphoma tumors carry the characteristic chromosomal translocation t(11;14)(q13;q32) involving CCND1. However, another important biological feature of this lymphoma is the high number of additional alterations in the tumor genomes that frequently target the regulation of cell cycle control genes and the DNA-damage response pathway. 1, 2 In recent years, several studies highlighted biological and prognostic implications of genetic gains and losses in the most commonly altered regions, leading to the hypothesis that variably affected target genes and associated pathways contribute to the highly divergent clinical behavior of mantle cell lymphoma ranging from very aggressive forms to more indolent clinical courses. 2 A gain of the chromosomal region 7p is frequent in mantle cell lymphoma [2] [3] [4] [5] and is associated with a blastoid morphology. 4 A previous study using combined single-nucleotide polymorphism (SNP) and mRNA expression profiling directed our attention to the insulin-like growth factor (IGF) signaling pathway, as the IGF2 mRNA-binding protein 3 (IGF2BP3 aka IMP3) was the most strongly upregulated gene in cases harboring this alteration. 5 Moreover, IGF2BP3 has been described to belong to the 'mantle cell lymphoma gene expression signature', 6 and IGF2BP3 mRNA expression was found to be predictive of outcome in mantle cell lymphoma in an in silico analysis of gene expression data. 7 Together with IGF2BP1 and 2 (aka IMP1 and 2), IGF2BP3 belongs to the family of IGF2-mRNA BPs that affect RNA stability and influence cell growth and migration during embryonic development. 8 These proteins are part of the large group of regulators of the IGF pathway, which has a key role in the orchestration of cellular proliferation. 9, 10 The IGF pathway includes the ligands IGF1 and IGF2 that can bind to their receptors IGF1R and 2R, the latter of which is believed to function as a decoy receptor. IGF1 and 2 are regulated by a number of binding proteins 10 and also by mRNA BPs such as IGF2BP3. Originally, IGF2BP3 was found to be overexpressed in pancreatic cancer. 11 More recently, increased IGF2BP3 protein expression has been reported in a variety of solid tumors and was found to be associated with a higher histological grade, 12 progression or metastasis 13, 14 and with an unfavorable outcome. [15] [16] [17] [18] These data indicate that IGF2BP3 may promote tumor cell proliferation and progression by enhancing signaling via the IGF pathway. In lymphoid cells, IGF2BP3 is physiologically expressed in normal germinal center B cells and an initial study described variable IGF2BP3 protein expression in different types of malignant lymphomas, particularly in those with an association to a germinal center B-cell phenotype. 19 The aims of this study were to characterize the expression of members of the IGF signaling pathway, in particular IGF2BP3, in mantle cell lymphoma, and to determine a potential association with the aggressive biological behavior of this lymphoma.
Materials and methods

Patients and Specimens
In this study, IGF2BP3 expression was investigated in 8 mantle cell lymphoma cell lines (JEKO1, MAVER, MINO, UPN1, REC1, HBL2, GRANTA519 and JVM2) and 172 primary mantle cell lymphoma cases from the Institute of Pathology in Wü rzburg, Germany, and the Hospital Clinic of Barcelona, Spain. The pilot series consisted of whole tissue sections from 66 consecutive, formalin-fixed and paraffin-embedded mantle cell lymphoma cases (lymph nodes), selected from the files of the Institute of Pathology, Wü rzburg, between the years 2008 and 2010. The second series comprised 106 mantle cell lymphoma specimens with available clinical data. Of these, 45 mantle cell lymphomas were studied on whole tissue sections and 61 mantle cell lymphomas could be investigated in a tissue microarray (TMA) format. A total of 34 mantle cell lymphomas of the second series had information available on the genetic status of chromosome 7 as determined in some of our previous studies. 4, 5, 20 Histology of all primary cases was reviewed by expert hematopathologists, and the diagnosis of mantle cell lymphoma was established according to current criteria of the World Health Organization classification. 21 All cases were CCND1 positive. In addition, we were able to investigate seven paired mantle cell lymphoma samples at the time of primary diagnosis and at relapse. For comparison, we investigated IGF2BP3 protein expression in a series of 20 small lymphocytic lymphomas from the files of the Institute of Pathology in Wü rzburg, Germany. Ethics approval for this study was granted by the Local Ethics Committees.
Gene Expression and SNP Array Studies
Gene expression studies of the eight mantle cell lymphoma cell lines were performed using HG U133 Plus 2.0. oligonucleotide arrays from Affymetrix (Affymetrix, Santa Clara, CA, USA). The samples were processed following the Affymetrix Expression analysis technical manual (available at http:// www.Affymetrix.com). Genome-wide analysis of chromosomal copy number alterations were performed using SNP arrays from Affymetrix (500K SNP-A) following standard protocols, and the data were analyzed by visual inspection according to previously reported methods. 5, 20 Additional gene expression and copy number data were derived from previous publications.
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Immunohistochemistry
Immunohistochemistry for IGF2BP3 was performed on 3-mm paraffin-embedded tissue sections using a mouse monoclonal antibody (clone 69.1, Dako; 1:100 dilution in Dako Antibody Diluent; DAKO, Hamburg, Germany) according to the manufacturer's instructions and according to the standard immunohistochemical protocols. In brief, after deparaffinization and antigen retrieval by pressure cooking, the samples were incubated with the IGF2BP3 antibody (1:100) for 1 h, followed by an incubation with the secondary antibody (link antibody, DAKO HRP Kit, ready to use) and HRP enzyme for 30 min each and visualization with the DAB system (all reagents from the Advance HRP Kit from DAKO). After each incubation, slides were washed three times for 8 min each in phosphate buffered saline. Normal tonsil specimens were used as positive controls. IGF2BP3 immunohistochemistry was evaluated by two different analysis algorithms adopted with modifications from King et al 19 and Schaeffer et al.
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All cases were reviewed by two independent investigators. In the first scoring approach (adopted from King et al 19 ) , the percentage of positively stained tumor cells in each sample was evaluated. IGF2BP3 staining was predominantly cytoplasmic. Specifically, cases with Z50% of tumor cells labeled by the IGF2BP3 antibody at any intensity were considered 'positive', cases with 10-49% of tumor cells stained at any intensity were considered 'intermediate' and those with o10% positive tumor cells were regarded 'negative'. In the second scoring approach (adopted from Schaeffer et al 15 ) , the intensity of IGF2BP3 staining was graded as negative, 1 þ (weak), 2 þ (moderate) or 3 þ (strong), and the percentage of positively stained tumor cells in each case was scored as 1 þ (o10% positive cells), 2 þ (10-49%), 3 þ (50-80%) and 4 þ (480%). The final score was calculated by multiplying these two variables, with a score of 0-3 considered as 'negative', 4-7 as 'and 48 as 'positive'. Mantle cell lymphoma cases without any positive cell for IGF2BP3 were excluded from the analysis.
Standard immunohistochemistry for CD20, CD5, Ki-67 and cyclin D1 was performed using automated standard protocols. Ki-67 scoring was accomplished by two independent pathologists defining four proliferation groups (5-20, 21-40, 41-60 and 460% of tumor cells). 22 
Tissue Microarrays (TMAs)
The TMAs were constructed from archived conventional formalin-fixed paraffin-embedded tissue blocks using a Beecher Instruments manual tissue arrayer (Beecher Instruments, Sun Prairie, WI, USA). Representative tumor areas were chosen by two expert pathologists and five cores from each sample were transferred into the recipient block.
Statistical Analysis
Statistical analysis was performed using the w 2 test and ANOVA. Survival was estimated with the Kaplan-Meier method and compared by log-rank tests. P-values o0.05 were considered statistically significant. Statistical tests were performed using SPSS v14 software (SPSS, Chicago, IL, USA).
Results
Gene Expression of IGF2BP3 and Other Members of the IGF Signaling Pathway in Mantle Cell Lymphoma Cell Lines and Primary Mantle Cell Lymphomas
Our gene expression experiments in eight mantle cell lymphoma cell lines demonstrated an overall high expression level of IGF2BP3 mRNA in mantle cell lymphomas, however, with a 34-fold expression difference across the cell lines (Figure 1a) . The highest expression levels of IGF2BP3 mRNA were observed in HBL2, UPN1, JEKO1 and MINO. Interestingly, parallel SNP array analysis revealed that JEKO1 and MINO both harbor a gain of the chromosomal region encompassing the IGF2BP3 locus on chromosome 7p. In addition, HBL2 showed a copy number neutral loss of heterozygosity of large regions of chromosome 7. Figure 1 also displays mRNA expression levels of other members of the IGF2-mRNA BP family as well as of IGF1/2, IGF1R and IGF2R. IGF2BP1 and 2 mRNAs were expressed at very low levels in all cell lines, as were IGF1 and 2 mRNAs. IGF1R mRNA showed a low, but variable expression (8.5-fold difference) across the mantle cell lymphoma cell lines, with the highest expression in JEKO1, MINO and HBL2. IGF2R also showed a low and differential expression in the cell lines, albeit less pronounced (fivefold expression difference) compared with IGF1R.
Primary mantle cell lymphoma cases from our previous study 5 showed a more variable expression of IGF2BP3 mRNA and, again, the two mantle cell lymphomas with the highest IGF2BP3 gene expression showed a gain of the IGF2BP3 locus in 7p (Figure 1b) . IGF2BP2 mRNA was expressed at very low levels in the primary cases, and no expression of IGF2BP1 was observed. IGF1 was expressed at relatively low levels, and no expression was observed for IGF2. Both IGF1R and IGF2R showed a low and differential expression of around fourfold.
Taken together, among the investigated genes belonging to the IGF signaling pathway, only IGF2BP3 appears to be significantly expressed in mantle cell lymphoma at the mRNA level.
IGF2BP3 Protein Expression in Primary Mantle Cell Lymphomas
We next investigated IGF2BP3 expression on the protein level by immunohistochemistry in a large series of 172 primary mantle cell lymphoma cases. The basic clinical and pathological features of the pilot series of 66 mantle cell lymphoma as well as the second series of 106 mantle cell lymphoma with available outcome data are summarized in Tables 1 and 2 . The patients in the second series received heterogeneous treatments, including CHOP or CHOP-like therapies with or without anti-CD20 antibody as well as intensified treatment approaches (ie, HyperCVAD). Figure 2 shows representative immunohistochemical staining results for IGF2BP3 in the pilot series with high, intermediate and low expression levels demonstrating a high variation of IGF2BP3 protein expression levels in mantle cell lymphoma. In tonsils, used as positive controls, IGF2BP3 protein was expressed in the cytoplasm of normal germinal center B cells, as reported previously. 19 Whenever mantle cell lymphoma infiltrates contained residual germinal center B cells, these stained positively for IGF2BP3 serving as an internal control. Interestingly, IGF2BP3 expression in some mantle cell IGF2BP3 expression in mantle cell lymphoma lymphoma tumors exceeded that of the residual germinal center B cells (Figure 2a) .
When we applied the two different scoring systems for IGF2BP3 expression adopted from King et al 19 and Schaeffer et al, 15 we saw that in the vast majority of the tumor samples the IGF2BP3 expression intensity was associated with the percentage of positively stained tumor cells. In general, mantle cell lymphoma with IGF2BP3 expression in nearly all tumor cells also showed the strongest IGF2BP3-staining intensity, leading to very similar results for both scoring approaches. In this pilot series, high IGF2BP3 expression correlated significantly with increased proliferation of the tumor cells measured by Ki-67 using both scoring systems (Po0.0001), as visualized in Figure 2 and summarized in Figure 3a .
Given that increased proliferation of the tumor cells has been shown to be associated with inferior outcome in mantle cell lymphoma patients in several studies, 6, 22, 23 we next attempted to correlate IGF2BP3 expression with morphological features of the tumors, the genetic status of 7p and clinical survival in a larger series of 106 mantle cell lymphoma cases. As already observed in the pilot series, IGF2BP3 protein expression was heterogeneous, and higher expression was strongly associated with increased proliferation measured by the Ki-67 index (Po0.0001, Figure 3b) . Moreover, increased IGF2BP3 expression was highly correlated with the feature of blastoid morphology (P ¼ 0.003). In 34 mantle cell lymphoma tumors, we had the opportunity to compare IGF2BP3 protein expression with the genomic status of 7p where the IGF2BP3 gene is located. The chromosomal gain in 7p is one of the most frequently detected gains in mantle cell lymphoma, associated with an increased proliferation signature and blastoid morphology 1, 4, 5 and; in our previous study, 5 IGF2BP3 mRNA was the most highly and significantly upregulated gene in mantle cell lymphoma tumors harboring a chromosomal gain in 7p. In this study, mantle cell lymphoma with a gain of 7p showed a tendency toward a higher expression of IGF2BP3. However, this association was not statistically significant (P ¼ 0.192; Figure 4 ). Despite the fact that in our current series IGF2BP3 expression in mantle cell lymphoma was strongly associated with the Ki-67 index and that Ki-67 expression was strongly correlated with survival (Po0.0001, Figure 5a ), we were surprised that IGF2BP3 protein expression was not significantly associated with survival in this series (P ¼ 0.335; Figure 5b ).
IGF2BP3 Protein Expression in Mantle Cell Lymphoma at Diagnosis and Relapse
As protein markers in tumors may exhibit varying expression during the course of the disease, we were next interested to investigate whether IGF2BP3 protein expression may differ in mantle cell lymphoma tumors between primary diagnosis and relapse. Thus, we studied whole tissue sections from seven mantle cell lymphoma samples at both time points. Three mantle cell lymphomas showed a classic morphology in the initial sample as well as in the relapse setting, three mantle cell lymphomas were blastoid at both time points and one mantle cell lymphoma progressed from classic to blastoid morphology at relapse. In these paired mantle cell lymphoma samples, IGF2BP3 expression ranged between 10 and 80% of tumor cells and remained highly constant between primary diagnosis and relapse.
IGF2BP3 Protein Expression in Small Lymphocytic Lymphoma
As mantle cell lymphomas and chronic lymphocytic leukemias/small lymphocytic lymphomas may show some related morphological and biological features, we finally investigated the IGF2BP3 protein expression in a series of 20 small lymphocytic lymphomas. In contrast to the findings in mantle cell lymphoma that showed a broad range of IGF2BP3 expression, IGF2BP3 staining was overall weaker in small lymphocytic lymphoma (Table 3) . Only one small lymphocytic lymphoma was considered positive (450% of the tumor cells stained), whereas five small lymphocytic lymphoma showed intermediate staining (10-50%) . A total of 14 small lymphocytic lymphoma were scored negative for IGF2BP3 staining (o10%). Interestingly, small lymphocytic lymphoma with prominent proliferation centers often 
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IGF2BP3 expression in mantle cell lymphoma showed an accumulation of IGF2BP3-positive cells in the proliferation centers. Morphologically, these cells corresponded mostly to paraimmunoblasts. No association could be detected between the level of IGF2BP3 expression and the proliferation fraction (Ki-67) in small lymphocytic lymphoma.
Discussion
Our study demonstrates that IGF2BP3 protein is variably expressed in mantle cell lymphoma and that strong expression in a high percentage of tumor cells is tightly associated with an increased proliferation capacity of the tumor cells. Our previous gene expression and SNP array analysis in mantle cell lymphoma had identified IGF2BP3 as the most strongly upregulated mRNA in mantle cell lymphoma cases harboring chromosomal gains in the region 7p where the IGF2BP3 gene is located. 5 The newly generated genomic and gene expression data in eight mantle cell lymphoma cell lines in this study show elevated IGF2BP3 mRNA expression in those cell lines that carry alterations in 7p. This holds also true for primary mantle cell lymphoma tumors in which all cases with a copy number gain of 7p had increased expression levels of IGF2BP3 (Figure 1 ), but several mantle cell lymphoma cell lines and primary mantle cell lymphomas without a 7p gain also displayed increased IGF2BP3 mRNA expression. In a series of 45 primary tumors, the IGF2BP3 protein status determined by immunohistochemistry and the 7p status showed no significant statistical correlation. However, there was a tendency in mantle cell lymphoma with gains in 7p toward higher IGF2BP3 expression and all mantle cell lymphoma with low or absent IGF2BP3 protein expression lacked copy number gains of 7p (Figure 4) . Thus, IGF2BP3 expression in mantle cell lymphoma is obviously also regulated by mechanisms other than the chromosomal copy number status of 7p.
It was previously reported that IGF2BP3 protein expression is a marker of physiological germinal Figure 5 Association of IGF2BP3 protein expression with survival. Kaplan-Meyer plots visualizing survival groups according to (a) proliferation measured by Ki-67 immunohistochemistry (scoring according to 22 )and (b) IGF2BP3 protein expression measured by immunohistochemistry. IGF2BP3 scoring adopted from King et al. 19 which was confirmed in our study. Accordingly, residual germinal centers in lymph nodes with infiltrations by mantle cell lymphoma stained strongly positive for IGF2BP3. An immunohistochemical overview in a limited number of cases from various B-and T-cell lymphoma subsets demonstrated highest expression of IGF2BP3 in Hodgkin lymphoma, diffuse large B-cell lymphoma, Burkitt lymphoma and follicular lymphoma leading to the hypothesis that IGF2BP3 expression might be associated with a germinal center-derived origin of the lymphomas. Only 10 mantle cell lymphoma cases had been studied in that series, most of which showed low or absent IGF2BP3 expression. 19 In contrast, we here identify a significant subset of mantle cell lymphoma, comprising more than one third of all cases, with strong IGF2BP3 protein expression in a high percentage of tumor cells. Given that mantle cell lymphoma is a non-germinal center-related lymphoma and in view of the tight association between elevated IGF2BP3 expression and increased proliferation of the tumor cells evident in our series, we would like to suggest that IGF2BP3 expression in B-cell lymphomas might be more closely tied to the proliferative capacity of the tumor cells. This idea would be supported by the fact that follicular lymphomas and Burkitt lymphomas, representing typical germinal center-related lymphomas, showed divergent IGF2BP3-staining intensities, with Burkitt lymphomas, in which almost all neoplastic cells proliferate, displaying stronger IGF2BP3 labeling compared with follicular lymphomas, in which the proliferation is much lower. 19 The link between IGF2BP3 expression and proliferation might be substantiated by our results from the analysis of 20 small lymphocytic lymphoma/chronic lymphocytic leukemia cases, in which the IGF2BP3 protein expression was much lower compared with mantle cell lymphoma. Interestingly, IGF2BP3 expression in small lymphocytic lymphoma/chronic lymphocytic leukemia was found to be pronounced in the proliferation centers, particularly in the paraimmunoblasts, that are supposed to represent the proliferative compartment of chronic lymphocytic leukemia in the lymph node. 24 There is good evidence from the published literature that the IGF pathway has a significant role in the biological behavior of malignant tumors. 10, 25 Specifically, increased protein expression of IGF2BP3 has been associated with enhanced tumor aggressiveness, metastatic behavior and inferior outcome of various solid cancers. [12] [13] [14] [15] [16] [17] [18] Recently, there has been growing interest in the IGF pathway from a therapeutic perspective, as monoclonal antibodies and small molecules targeting the IGF1 receptor have become available a few years ago and initial, small phase I and II, trials showed encouraging results in individual patients. 25 In this study, we investigated the mRNA expression levels of several molecules involved in IFG signaling in mantle cell lymphoma cell lines and primary mantle cell lymphoma cases. It became evident that the majority of mantle cell lymphoma cell lines and primary tumors show increased IGF2BP3 mRNA expression, in line with IGF2BP3 belonging to the 'mantle cell lymphoma gene expression signature' as reported in a global gene expression profiling study. 6 To a lesser extent and more pronounced in some mantle cell lymphoma cell lines, we found that the IGF 1 and 2 receptors are also expressed on the mRNA level, in concordance with a recent study by Vishwamitra et al. 26 These authors demonstrated elegantly that inhibiting the IGF1 receptor by picropodophyllin or short interfering RNA led to decreased viability and proliferation of mantle cell lymphoma cell lines and primary mantle cell lymphoma cells by inducing apoptosis and cell cycle arrest. 26 The rate of tumor cell proliferation has been established as a key biological feature of clinical aggressiveness in mantle cell lymphoma, and several genetic events occurring during the progression of the disease appear to enhance proliferation leading to decreased survival times.
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1 Despite the strong statistical association in our cohort between IGF2BP3 protein expression and an increased Ki-67 index of the tumor cells, the major prognostic marker for survival in previous studies, 22, 23 IGF2BP3 expression itself did not correlate with clinical outcome in our analysis reinforcing the idea that the quantitative measurement of tumor cell proliferation in mantle cell lymphoma serves as an integrator of various unfavorable molecular events. 6 Our finding that IGF2BP3 protein expression is significantly increased in the mantle cell lymphoma subset with elevated tumor cell proliferation adds to the notion that increased IGF signaling in mantle cell lymphoma might contribute additional growth stimuli that enhance the proliferative capacity. Therefore, therapeutic intervention with this pathway, eg, by inhibiting the IGF1 receptor, may represent a viable future treatment option in mantle cell lymphoma. 26 In this context, it is worthwhile to note that IGF2BP3 protein expression and, hypothetically, the level of IGF signaling appear to be relatively constant in mantle cell lymphoma cells over time, as IGF2BP3 expression was not markedly different in paired mantle cell lymphoma specimens investigated at primary diagnosis and at the time of relapse.
